Flower induction in apple (Malus domestica Borkh.) trees plays an important life cycle role, but young trees produce fewer and inferior quality flower buds. Therefore, shoot bending has become an important cultural practice, significantly promoting the capacity to develop more flower buds during the growing seasons. Additionally, microRNAs (miRNAs) play essential roles in plant growth, flower induction and stress responses. In this study, we identified miRNAs potentially involved in the regulation of bud growth, and flower induction and development, as well as in the response to shoot bending. Of the 195 miRNAs identified, 137 were novel miRNAs. The miRNA expression profiles revealed that the expression levels of 68 and 27 known miRNAs were down-regulated and up-regulated, respectively, in response to shoot bending, and that the 31 differentially expressed novel miRNAs between them formed five major clusters. Additionally, a complex regulatory network associated with auxin, cytokinin, abscisic acid (ABA) and gibberellic acid (GA) plays important roles in cell division, bud growth and flower induction, in which related miRNAs and targets mediated regulation. Among them, miR396, 160, 393, and their targets associated with AUX, miR159, 319, 164, and their targets associated with ABA and GA, and flowering-related miRNAs and genes, regulate bud growth and flower bud formation in response to shoot bending. Meanwhile, the flowering genes had significantly higher expression levels during shoot bending, suggesting that they are involved in this regulatory process. This study provides a framework for the future analysis of miRNAs associated with multiple hormones and their roles in the regulation of bud growth, and flower induction and formation in response to shoot bending in apple trees.
Introduction
Apple (Malus domestica Borkh.) is an important economic fruit tree worldwide, in which flower induction and flower buds formation occur in two growing seasons. China is the leading country of apple production, with a planting area of 3.1 million hectares and a production of 33 million tons annually. 'Fuji' apple cultivar represents~65% of the apple trees in China (http:// faostat.fao.org/). However, the induction and formation of flower buds can be difficult, and this, accompanied by the alternate bearing in young 'Fuji' apple trees, represents a serious problem, restricting the development of the apple industry in northern China. Previous studies showed that shoot bending was an effective measure widely used for promoting flower bud formation in many fruit trees, such as pear (Ito et al., 2004) and apple (Lauri and Lespinasse, 2001) .
Additionally, the variability of physiological responses to bending produced in apple trees, such as stimulating bud growth, increasing the sink capacity of the bud relative to other tissues and affecting the tree structure (Han et al., 2007) , as well as hormone level changes in response to bending shoots, may play an important role in plant growth and flower bud formation (Liu and Chang, 2011) . Additionally, tree shoot bending generates a new long-distance signal that changes growth and development during the trees' life cycles (Lopez et al., 2014) . However, the molecular regulatory mechanisms of bud growth and flower induction in response to shoot bending are not very clear, especially the regulatory process involving microRNAs (miRNAs), and whether these miRNAs actually exist in buds during the flower induction process.
Previous studies indicate that plant hormones play an important role in the regulation of bud growth and flower induction, as well as in the growth and development of woody plants (Curaba et al., 2014; Mutasa-Gottgens and Hedden, 2009) , and take part in growth regulation in response to stress (Tsai and Gazzarrini, 2014) . Phytohormones also act as signal molecules in plants to control growth and development through the regulation of gene expression, involving different pathways in response to environmental changes. miRNAs act as important regulators involved in multiple links with hormone crosstalk-mediating developmental processes, such as flower development, phase transition and stress responses, in plants (Curaba et al., 2014) . In addition, phytohormone treatments can regulate the expression of miRNAs, affecting growth and development during their life cycles (Chen et al., 2012) . Recently, a large number of miRNAs involved in multiple aspects of biological processes, such as phase transition (Xing et al., 2014) , stress response (Chen et al., 2012; Ding et al., 2013) , hormone signalling (Curaba et al., 2014) and flower induction and development (Kim and Ahn, 2014; Spanudakis and Jackson, 2014) , were identified in plants. In apples, some conserved miRNAs, such as miR156, 172, 160, 319 and 396, along with their expression profiles in different tissues, were studied and indicated that they may play roles in multiple regulatory functions in plant growth and development (Xia et al., 2012b) . In addition, potential targets of identified miRNAs in apple (MdSPLs, MdARFs, MdTOE1 and MdF-box)
were responsible for plant growth, development and flowering and stress responses (Varkonyi-Gasic et al., 2010) , and some genes, such as MYB transcription factors (TFs), are highly conserved in plant species and are also involved in improving plant tolerance to multiple abiotic stresses (Cao et al., 2013) . This suggests that these miRNAs and their targets may play important roles in the regulation of plant growth in response to environmental stress.
Additionally, molecular regulatory mechanisms of flower induction and the flowering process have been studied in annual (Kurokura et al., 2013) and woody plants (Wang et al., 2011) . Some flowering control genes, such as FT, SOC1, LEAF, SPLs and AP1, play important roles in plant flowering through multiple flowering pathways (Lee and Lee, 2010; MutasaGottgens and Hedden, 2009; Wahl et al., 2013) . In addition, miR156-SPLs and miR172-AP2 modules were mainly involved in regulating the ageing flowering pathway (Spanudakis and Jackson, 2014) , suggesting that flowering genes and relevant miRNAs may act together in plant flower induction and the flowering process.
Therefore, understanding the molecular regulatory mechanisms of apple bud growth and flower induction associated with hormones and miRNAs in response to shoot bending will greatly assist us in solving the problem of the long juvenile phase and poor quality flower buds in apple trees. In this study, we exploited high-throughput sequencing and degradome analyses to comprehensively identify miRNAs and their targets in response to shoot bending during the flower induction process in apple.
Experimental procedures

Plant material and sample collection
Six-year-old 'Fuji' apple (Malus domestica Borkh.) trees growing on M.26 rootstocks were planted in the Apple Demonstration Nursery of Yangling Modern Agriculture Technology Park (Northwest Agriculture & Forestry University), Shaanxi Province of China (34°52 0 N, 108°7 0 E), and buds sampled during bud growth and the flower induction process were collected directly into liquid nitrogen, including those of control and shoot-bending treatments. Buds on the tops of spurs in both control and shootbending treatments (Control: vertical shoots; Shoot bending: shoots bending at 110°) were separately collected nine times as mixed samples from 60 6-year-old trees. The size and weight, as well as the hormone levels, indole-3-acetic acid (IAA) and abscisic acid (ABA), were measured three times, the early, middle and later stages of flower induction [ES (5th May, 2013) , MS (1th June, 2013) and LS (25th June, 2013) , respectively]. All samples (six buds samples each from control and shoot-bending treatments) were immediately frozen in liquid nitrogen and stored at À80°C for RNA extraction and small RNA libraries construction. In addition, a mixed sample from the six buds was used for degradome sequencing. Total RNA was isolated from each sample using a modified method (Xing et al., 2014) . Each treatment, including control and shoot bending, was subdivided into three subgroups consisting of 20 trees each to allow for replications.
Determination of bud changes during flower induction
Approximately 30 buds from control and shoot-bending treatments at each time were used to determine bud sizes and weights. The bud changes were measured nine times from ES to LS during flower induction in six 'Fuji' trees receiving either the control or shoot-bending treatment.
Statistical analysis of the flowering rate
Six 6-year-old 'Fuji' apple (Malus domestica Borkh.) trees were used to calculate the flowering rate in control and shoot-bending treatments. The methods for calculating the flowering rates in both control and shoot-bending treatments were determined as described in detail by Ito et al. (1999) .
Hormonal content analysis
Approximately 0.5 mg fresh weight of buds in each sample from the three developmental stages, ES, MS and LS, of control and shoot-bending treatments during the flower induction process was used for phytohormone extractions (Dobrev and Vankova, 2012) . The detection and analysis were performed using a highperformance liquid chromatography (Waters 2498/UV; Visible Detector, Shaanxi, China) (Djilianov et al., 2013) .
RNA deep sequencing and library construction
Using an Illumina Genome Analyzer, six small RNA libraries and one degradome library were constructed and sequenced by the Biomarker Biotechnology Corporation (Beijing, China). The methods of small RNAs extraction and enrichment can be seen in Xing et al. (2014) . First, total RNA extractions from six buds libraries were performed using the RNeasyPlant Mini Kit (Qiagen, Hilden, Germany), and each was collected into RNA pools for small RNA construction. Second,~16-30 nt gel fragments were selected and ligated to a pair of adapters at the 5 0 -and 3 0 -ends using T4 RNA ligase. These small RNAs with adapters were transcribed into cDNA using Super-Script II Reverse Transcriptase (Invitrogen, Shanghai, China). Third, the cDNA products were used for amplification by polymerase chain reaction (PCR), and then, the purified PCR products were sequenced by the Biomarker Biotechnology Corporation (Beijing, China). In addition, total RNA from a mixed sample [six buds each at the ES, MS, and LS under both control conditions (CES, CMS, and CLS, respectively) and under shoot-bending conditions (BES, BMS, and BLS, respectively)] was used for degradome library sequencing and construction using a previously described method (Xing et al., 2014) .
Prediction and identification of targets of known and novel miRNAs
We predicted the potential targets of known and novel miRNAs using methods previously described in detail by Xing et al. (2014) , and we also identified some targets of known and novel miRNAs using degradome sequencing that matched the degraded fragments to the apple genome (Malus domestica Borkh.) after removing ncRNAs, as well as polyN fragments, in the mixed bud sample to reduce interference (Xing et al., 2014) . In addition, to predict the potential functions of these targets, we used gene ontology (GO) categories (http://www.geneontology.org/) mainly associated with various biological processes, molecular functions and cellular components to classify the identified target genes.
Venn diagrams of known miRNAs and novel miRNAs and their expression profile analyses
Differentially expressed known and novel miRNAs were analysed using Venn diagrams (Martin et al., 2012) with the VENNTURE software (http://www.irp.nia.nih.gov/branches/lci/nia_bioinfor-matics_software.html). In addition, we analysed the known and novel miRNAs' expression profiles over time, as well as between control and shoot-bending treatments, according to the methods that are described in detail by Botton et al. (2011) . Additionally, hierarchical clustering heat maps were generated by the HemI Manuel software 1.0 (http://hemi.biocuckoo.org/down. php) using the log-FPKM values of each miRNA for control and shoot-bending treatments.
qRT-PCR validation of miRNAs, their targets and flowering genes
We used stem-loop RT-PCR to determine the miRNA expression levels in buds of control and shoot-bending treatments during flower induction (Varkonyi-Gasic et al., 2010) . In addition, the methods of determining the expression levels of miRNA targets and flowering genes can be seen in Xing et al. (2014) . Briefly, cDNAs of miRNA targets and flowering genes were generated from 2 lg each of the total RNAs of six bud samples in both control and shoot-bending treatments during the flower induction process using a PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara, Ohtsu, Japan), and qRT-PCR was performed using SYBR â Premix Ex TaqTM II (Tli RNaseH Plus) with 10 lL of 2X SYBR â Premix Ex Taq II and 0.8 lL of forward and reverse primers in a 20-lL system (Takara, Ohtsu, Japan) to determine the expression of flowering genes and miRNA targets (Varkonyi-Gasic et al., 2010) . All primers used in the qRT-PCR experiments, including those for miRNAs, their targets and flowering genes, are listed in Table S1 .
Statistical analysis
For bud sizes and weights, flowering rates, hormone levels and qPCR results in both control and shoot-bending treatments, a one-way analysis of variance with Tukey-Kramer multiple comparison tests was performed using DPS software, version 7.0 (DPS version 7.0; Zhejiang University, Hangzhou, China).
Results
Bud growth during flower induction and flower promotion in response to shoot bending in 'Fuji' apple trees
Bud growth during the flower induction period was studied in 'Fuji' apple trees in response to shoot bending (Figure 1 ). The length, width and dry weight under control and shoot-bending treatments increased from ES to LS, but shoot bending significantly increased bud size during this developmental period (Figure 1a-c) . In addition, bud growth rate changes showed that the bud sizes changed mainly during the early period of flower bud induction, from ES to MS, and the increase was more significant under the shoot-bending treatment (Figure 1d -f).
Our results showed that shoot bending significantly increased, by~58%, the flowering rate in 'Fuji' apple trees compared with the control (Figure 2 ).
Hormone content changes in buds during flower induction
The hormone levels were analysed in 'Fuji' buds in shoot-bending and control plants at three time points (ES, MS, and LS) during flower induction (Figure 3 ). The auxin (AUX) content in both shoot-bending and control plants was high in the ES and MS, but showed relatively lower levels in the LS stage (Figure 3a ). In addition, in the earlier stages of buds growth (ES and MS), the AUX content was significantly higher in the shoot-bending treatment than in control buds (Figure 3a) . The changes in the ABA contents in buds during flower induction between shootbending and control treatments increased from ES to LS (Figure 3d ). In the later stages (MS and LS), the ABA content was also significantly higher in the shoot-bending treatment than in control buds (Figure 3d ). The changes in the CK content in buds decreased from ES to LS in both control and shootbending treatments, but displayed a significantly higher level in shoot-bending treatments than in the control (Figure 3b ). Mean- while, the changes in gibberellic acid (GA) content had a result similar to that of the CK content in buds during the flower induction process, but the GA level in the shoot-bending treatment was significantly lower than that in the control (Figure 3c ).
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Construction and sequencing of small RNA and degradome libraries
To determine responsive sRNAs in the shoot-bending and control treatments during bud growth (ES, MS, and LS), six miRNA libraries were constructed and sequenced ( (Table S3 ). In addition, we also constructed a degradome library using total RNA from six mixed samples (CES, CMS, CLS, BES, BMS and BLS) (Table S4 ). A total of 30 762 927 (93.08%) clean and 373 406 (1.13%) unique reads were generated (Table S4 ). For the six miRNA libraries, the reads' size distributions were quite similar ( Figure S4 ), but the read size distribution in the degradome library was significantly different from those of the miRNA libraries ( Figure S2 ). The length of sRNA varied, with 21-, 22-, 23-and 24-nt small RNAs forming the major population, and 24 nt was the most dominant length in the six libraries ( Figure S1 ), which was similar to the results obtained from other plants, such as Malus hupehensis and Arabidopsis thaliana (Confraria et al., 2013; Xing et al., 2014 Table S3 .
The sequencing data of the six libraries and one degradome library have been deposited in the NCBI Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/Traces/sra_sub/sub.cgi).
Identification of known miRNAs and their expression profiles
To identify the known miRNAs in apple (Malus domestica Borkh.), the sRNAs in the six bud libraries were queried using BLASTN to known mature plant miRNAs of M. domestica in the miRBase 18.0 (http://www.mirbase.org) and plant miRNA (http://bioinformatics.cau.edu.cn/PMRD) databases (Xing et al., 2014) . A total of 195 known miRNAs that belonged to 41 miRNA families were identified ( Figure 4 and Data S1). Among them, the number of miRNA members within different families is very different (Figure 4) . A majority of the 39 known miRNA families had several members, such as mdm-miR156 (27 members), 164 (6 members), 171 (14 members), 172 (15 members) and 396 (7 members), and six of the known miRNA families, mdm-miR1511, 391, 7125, 7126, 827 and 858, had only one member (Figure 4 ).
In the six buds libraries, known miRNAs expression levels were determined by their read content's frequencies (Data S1). The information on the mature sequences of identified known miRNAs can be seen in Data S2. The expression levels of known miRNAs in each stage of control and shoot-bending treatments were classified into eight categories based on their reads counts: no expression (0 reads), lowest (1-9 reads), lower (10-49 reads), low (50-99 reads), moderate (100-499 reads), high (500-999 reads), higher (1000-9999 reads) and highest (>10 000 reads) ( Figure 5 ). Our results showed that the percentages of known miRNAs that fell into the eight categories in each library were highly similar ( Figure 5 ). The largest percentages of known miRNAs fell into the lowest (1-9 reads) category at 28.35%, 33.51%, 32.47%, 31.96%, 34.54% and 36.08% in the CES, CMS, CLS, BES, BMS and BLS libraries, respectively, and the lowest percentages of reads fell into the highest (>10 000 reads) category in each library at 3.09%, 3.61%, 2.58%, 3.09%, 3.09% and 2.58% in CES, CMS, CLS, BES, BMS and BLS, respectively ( Figure 5) . A Venn analysis showed that the number of differentially expressed known miRNAs that changed over time was 129 miRNAs (CMS vs CES, CLS vs CMS, CLS vs CES, BMS vs BES, BLS vs BMS and BLS vs BES) (Figure 6 ), and among them, the expression levels of 42 miRNAs decreased, including mdmmiR1511 and 171f/n/i/k, and those of 20 miRNAs increased, including mdm-miR172a, 164a and 7121 g (Figure 6a -c). In addition, there were 124 differentially expressed known miRNAs between control and shoot bending (BES vs CES, BMS vs CMS and BLS vs CLS) ( Figure 6 ), and among them, the expression levels of 68 miRNAs decreased, including mdm-miR171b, 167e and 477b, and 27 increased, including mdm-miR5225a, 166 h and 396c, in shoot-bending compared with the control treatments (Figure 6d-f) .
Additionally, the Venn analysis showed that the expression levels of 33 miRNAs, including mdm-miR535b, 160b, 391, 7124a, 398a and 393c, decreased over time and in shoot-bending compared with the control treatments (Figures 6g and 7a) . However, the expression levels of just five miRNAs, mdmmiR162a, 164b, 171a, 167f and 172b, decreased over time but increased in the shoot-bending treatment compared with the control (Figures 6g and 7e ). A total of 11 miRNAs, including mdm-miR156x/z, 164a, 395a and 7121c, had increased expression levels over time, but decreased expression levels in the shootbending treatment compared with the control (Figures 6i and  7b ). Only seven miRNAs, including mdm-miR5225a, 399c and 160a, had increased expression levels in the shoot-bending treatment compared with the control and had increased expression levels over time during flower induction (Figures 6i and 7e ). In addition, 22 miRNAs, including mdm-miR394b, 396a/b, 398c and 162b, had decreased expression levels in the shoot-bending compared with the control treatments (Figures 6g and 7c ). By contrast, 14 miRNAs, including mdm-miR7120b, 7121a and 398b, showed increased expression levels in the shoot-bending compared with the control treatments (Figures 6i and 7f) . Another 22 miRNAs, including mdm-miR2118a, 159b, 167b/d and 399b, were differentially expressed both over time and in the treatments (shoot-bending and control) (Figures 6h and 7g ).
Identification of putative novel miRNAs and their expression profiles
The domesticated apple (Malus domestica Borkh.) was used as a reference genome to predict potential novel miRNAs. The cut-off to eliminate miRNAs was <10 reads per million in at least one library. We identified 137 putative unique novel miRNAs in each library (Data S3). The information on the mature sequences of identified novel miRNAs can be seen in Data S4. For novel miRNAs in each library, the expression level, based on their read content's frequencies, were classified into six categories: no expression (0 reads), lower (1-9 reads), low (10-49 reads), moderate (50-99 reads), high (100-1000 reads) and higher (>1000 reads) (Figure 8) . In our results, the percentage of novel miRNAs that fell into the six categories were very similar in each library (Figure 8 ). The highest percentage of novel miRNAs fell into the lower (1-9 reads) category at 47.45%, 40.15%, 51.82%, 57.66%, 35.77% Nunber of miRNAs mdm-miR2118 miRNA family mdm-miR858 mdm-miR162 mdm-miR160 mdm-miR159 mdm-miR156 mdm-miR1511 mdm-miR169 mdm-miR168 mdm-miR167 mdm-miR166 mdm-miR164 mdm-miR3627 mdm-miR319 mdm-miR2111 mdm-miR172 mdm-miR171 mdm-miR395 mdm-miR394 mdm-miR393 mdm-miR391 mdm-miR390 mdm-miR403 mdm-miR399 mdm-miR398 mdm-miR397 mdm-miR396 mdm-miR535 mdm-miR482 mdm-miR7121 mdm-miR408 mdm-miR7126 mdm-miR7125 mdm-miR7124 mdm-miR7122 mdm-miR7120 mdm-miR828 mdm-miR827 mdm-miR7127 and 53.28%, followed by those that fell into the low (10-49 reads) category at 38.69%, 45.99%, 32.85%, 27.74%, 47.45% and 30.66%, for CES, CMS, CLS, BES, BMS and BLS, respectively ( Figure 8 ). However, the lowest expression level in each library was the higher (>1000 reads) category at 0.73% for CES, CMS, CLS and BLS; 1.46% for BMS; and 0% for BES (Figure 8) .
The results of a Venn analysis showed that 38 differentially expressed novel miRNAs had decreased expression levels over time (CMS vs CES, CLS vs CMS, CLS vs CES, BMS vs BES, BLS vs BMS and BLS vs BES), including novel-m1736-3p, m0829-3p, m0697-3p and m2042-5p ( Figure S3a ). However, 34 differentially expressed novel miRNAs, including novel-m1424-5p, m0546-5p, m0559-3p, m1618-3p and m2000-3p, had increased expression levels over time ( Figure S3b ). Additionally, 24 differentially expressed novel miRNAs, including novel-m1913-5p, m1900-5p, m1336-3p, m0017-3p, m1618-3p, m1977-5p and m0163-5p, were expressed at significantly higher levels in the shoot-bending treatment than in the control ( Figure S3c ). However, 23 other differentially expressed novel miRNAs, including novel-m1401-5p, m0893-5p, m0088-3p, m0490-3p, m1161-3p, m0173-3p, m0899-5p, m0829-3p and m0968-5p, were expressed at significantly higher levels in the control than in the shoot-bending treatments ( Figure S3d ).
The hierarchical clustering of 31 differentially expressed novel miRNAs in the control and shoot-bending treatments of 'Fuji' buds during flower induction resulted in five major clusters ( Figure 9 ). The six novel miRNAs, novel-m0088-5p, m0893-5p, m0530-3p, m0173-3p, m2000-3p and m1953-3p, forming cluster 1 displayed higher expression levels in the shoot-bending treatment than in the control (Figure 9 ), but the novel miRNAs within cluster 5, novel-m1913, m1064-5p, m1317-3p, m1736-3p, m1018-3p and m1727-3p, displayed the opposite result, having higher expression levels in the control than in the shootbending treatment during flower induction ( Figure 9 ). In addition, the expression levels of the other 19 novel miRNAs, which belonged to the three remaining clusters (2, 3 and 4), displayed relatively low expression levels in each library under both control and shoot-bending treatments during bud growth ( Figure 9 ).
Targets of known and novel miRNAs
To explore the identified known and novel miRNAs in diverse biological processes and obtain insights into the regulatory mechanisms behind shoot bending's promotion of flower induction and development in 'Fuji' apple trees, we identified targets of known and novel miRNAs by degradome sequencing (Table 1  and Data S5; Table 2 and Data S6). A total of 195 differentially expressed known miRNAs belonging to 41 miRNA families, including miRNA1511, 156, 159, 160, 393 and 396, were detected in control and shoot-bending treatments during flower induction (Table 1) . The detailed distribution information on the known miRNAs and their target cleavage sites are shown in Table 1 and Data S7. In addition, 40 targets of 31 differentially expressed novel miRNAs were detected in each library (Table 2) . Meanwhile, the detailed distribution information on the novel miRNAs and their target cleavage sites are shown in Table 2 and Data S8. In most cases, multiple targets can be regulated by a single miRNA. For example, mdm-miR160 regulated ARF16 and ARF17; mdm-miR393 regulated AFB2, AFB3 and TIR1 genes; and mdm-miR396 regulated GRF TFs, including GRF1, 2, 4, 5, 7, 8 and 9 (Table 1 ). An example of the cleavage information on mdmmiR396 and its GRFs targets can be seen in Figure 10 . The known miRNAs regulated some TF targets, such as SPL2 and SPL9 (mdmmiR156), MYB5 (mdm-miR858), GRFs (mdm-miR396), TCP2 and TCP4 (mdm-miR319), NF-YA1 and NF-YA7 (mdm-miR169), and MYB65 and MYB101 (mdm-miR159), while others were regulatory proteins, such as WLIM1 protein (mdm-miR398), NAC036
(e) (f) Figure 7 Hierarchical clustering of differentially expressed known miRNAs over time, and between shoot-bending and control treatments in 'Fuji' apple buds.
protein (mdm-miR7121) and PDL2 protein (mdm-miR164) ( Table 1) . The targets of novel miRNAs included TFs and regulatory proteins (Tables 2 and S5 ). For example, novel-m1736-3p targeted genes encoding a myb-like HTH transcriptional regulator family protein (DUO1), novel-m0014-5p regulated an ABC-2 type transporter family protein, novel-m1064-5p regulated a cytochrome P450 superfamily protein (CYP75B1) and novel-m0056-3p targeted a TF of the MYB6 gene (Table 2 ). In addition, some novel miRNAs regulated targets associated with plant hormones. Novel-m1285-3p targeted a gene encoding a carotenoid cleavage dioxygenase 1 (NCED1) involved in ABA synthesis, and novelm1791-5p regulated a cytokinin (CK) response factor 4 (CRF4) gene involved in CK signalling. Additionally, novel-m1018-3p and novel-m0851-5p regulated the isopentenyltransferase 3 (IPT3) involved in CK synthesis and the response regulator 3 (ARR3) associated with CK signalling, respectively (Table 2) . Two novel miRNAs, novel-m1317-3p and m1727-5p, regulated WRKY35 and WARK48 genes involved in stress responses in plants (Table 2) . Meanwhile, several novel miRNAs targeted genes involved in sugar signalling and metabolism, such as BGAL3 (novel-miR1316-5P), SOS3-interacting protein 4 (SNRK3.22) (novel-m0267-3p) and triosephosphate isomerase (TP1) (novelm0267-3p) ( Table 2 ).
Identification by qRT-PCR of differentially expressed miRNAs and their targets associated with AUX in buds in response to shoot bending
To examine the expression levels of miRNAs and their targets in buds during different developmental stages (ES, MS and LS), both in control and shoot-bending treatments, as well as to confirm the miRNA sequencing results, we examined the expression levels of three miRNAs and six targets associated with IAA in response to shoot bending and time changes by qRT-PCR (Figure 11 ). In early bud growth (ES and MS), the expression level of mdmmiR396 is significantly higher in the control than in the shootbending treatment. It increased from ES to MS in both treatments, but showed a lower expression level in the LS of flower induction, and a relatively higher expression level in the shoot-bending treatment (Figure 11 ). While two genes (mdmmiR396's targets), GRF7 and GRF8, displayed higher expression levels in the shoot-bending than in the control treatment in ES and MS, they showed an opposite result in the LS of flower induction (Figure 11 ). Mdm-miR160 showed a higher expression level in the LS of flower induction and displayed a significantly higher expression level in the shoot-bending than in the control treatment during MS and LS (Figure 11 ). The expression level of the mdm-miR160 target ARF16 decreased from ES to LS and showed a higher expression level in the control than in the shootbending treatment during the flower induction process (Figure 11) . Another target of mdm-miR160, ARF17, only had a similar result in the LS of bud growth (Figure 11 ). The expression of mdm-miR393 was significantly increased in the shoot-bending treatment compared with the control during bud growth (Figure 11 ), and its targets (TIR1 and AFB3) showed opposite results over the same time period (Figure 11 ). The miRNAs and targets that are involved in IAA signalling, and their levels in buds, may participate in the regulation of apple flower bud formation in response to shoot bending.
Identification by qRT-PCR of differentially expressed miRNAs and their targets associated with ABA in buds in response to shoot bending Additionally, we examined, using qRT-PCR, the expression levels of three miRNAs and four targets associated with ABA in response to shoot bending and time changes (Figure 12 ). The expression of mdm-miR319 increased from ES to LS and displayed a higher expression level in the shoot-bending treatment than in the control in the later stages of bud growth (MS and LS) ( Figure 12 ). However, their target, TCP, showed a decrease in expression from ES to LS in both control and shoot-bending treatments, and in the shoot-bending treatment during flower induction (Figure 12 ). Mdm-miR164b displayed a decrease in expression from ES to LS, but the target, NAC1, increased at the same time in both control and shoot-bending treatments. The expression level of mdm-miR159b decreased from ES to LS and showed a higher expression level in the control than in the shoot-bending treatment (Figure 12 ). Its targets, MYB65 and MYB101, increased in expression under the shoot-bending treatment compared with under control conditions during the flower induction process (from ES to LS) and also increased from ES to LS in both control and shoot-bending treatments (except MYB101 during LS) (Figure 12 ). The miRNAs and targets that are involved in ABA signalling, as well as their levels in buds, may participate in the regulation of apple flower bud formation in response to shoot bending.
Identification by qRT-PCR of differentially expressed miRNAs and their targets associated with flowering control in response to shoot bending
In our results, the expression of mdm-miR156ab is significantly decreased in the shoot-bending treatment compared with the control during the flower induction process (Figure 13 ). However, two mdm-miR156ab target genes, SPL2 and SPL9, displayed relatively higher expression levels in the shoot-bending treatment compared with the control in later stages of bud growth (MS and LS) (Figure 13 ). In addition, the expression of mdm-miR172b decreased from ES to LS, but was increased in shoot-bending compared with the control treatments during flower induction ( Figure 13 ). However, the targets, AP2 and AP2-like genes, had significantly lower expression levels in the shoot-bending treatment than in the control, and the AP2 gene's expression increased from ES to LS in both shoot-bending and control treatments ( Figure 13 ). These two miRNAs and their targets may be involved in the 'Fuji' apple trees flower induction in response to shoot-bending treatment. The expression levels of flowering control genes were analysed in 'Fuji' apple buds between control and shoot-bending treatments during flower induction (Figure 14) . The expression of the flowering-time transcription factor FD gene in the control treatment increased from ES to LS, and it showed a higher expression level in the shoot-bending treatment in MS and LS. The expression level of the FD gene in the shoot-bending treatment was significantly higher than in the control treatment in the ES, MS and LS during bud growth (Figure 14) . The expression level of the FLOWERING LOCUS T (FT) gene increased from ES to MS in both control and shoot-bending treatments and showed higher expression levels in the shoot-bending than in the control treatment during the two stages (Figure 14 ). The expression level of the MADS-box SOC1 gene decreased from ES to LS, but had a significantly higher expression level in the shootbending treatment than in the control treatment in the MS and LS of bud growth (Figure 14) . By contrast, the expression level of the AFL1 (apple FLORICAULA/LFY) gene increased from ES to LS and had a significantly higher expression level in the shoot-bending treatment than in the control treatment from ES to LS during flower induction (Figure 14 ). Additionally, the expression level of the APETALA1 (AP1) gene also increased from ES to LS and showed a higher expression level in the shoot-bending treatment than in the control treatment in earlier stage of ES and MS, but an opposite result was seen in LS ( Figure 14) .
Discussion
Bud growth, flower induction and flowering rate are affected by shoot bending
Bud growth and flower induction in apple (Malus domestica Borkh.) trees, as a woody perennial plant, play important roles in the life cycles (Kurokura et al., 2013) . Our results showed that shoot bending significantly promoted bud growth (the length, width and fresh weight per bud) during the flower induction process (ES to LS) compared with the control treatment (Figure 1a-c) . In addition, the growth, as measured by bud length, width and fresh weight, was mainly concentrated in the early stages, from ES to MS, of the flower induction process in both shoot-bending and control treatments (Figure 1d-f) . Additionally, the treatment of shoot bending in apple trees accelerated bud growth also in this growth stage (ES to LS) (Figure 1d-f) . Previous studies have shown that bending shoots significantly increased bud growth in plants such as apple (Lauri et al., 2008) , pear (Ito et al., 2004) and rose (Kim and Lieth, 2004) . Our results also showed that the flowering rate was significantly increased in the shoot-bending treatment compared with the control, and the growth rate increased by~58% (Figure 2) . Similar results can be seen in other studies (Grochowska et al., 2004; Lauri and Lespinasse, 2001 ). Thus, the results indicated that shoot-bending increased the flowering rate by stimulating the bud growth much earlier compared with the control treatment during flower induction in 'Fuji' trees.
Hormone contents changed in buds during flower induction in response to shoot bending
Our results showed that IAA, CK, GA and ABA levels in buds during flower induction displayed significant changes (Figure 3 ) and that the IAA, GA and CK contents decreased in buds from ES to LS, but the ABA content had an opposite trend during this process (Figure 3) . Meanwhile, studies have shown that the ABA content increases during flower bud differentiation, especially during flower organogenesis, over its level in the previous periods . Other studies also showed that CK was mainly involved in the initiation of flower bud induction in plants ( Lee and Lee, 2010) , and that ABA was as an important hormone involved in the regulation of seed development, and floral and phase transitions in responses to environmental stresses (Tsai and Gazzarrini, 2014) . In addition, in our study, the CK content in buds was significantly higher in the shoot-bending treatment than in the control treatment in the ES and MS, and the ABA content had a similar result in the MS and LS (Figure 3b,d) . Studies have shown that the CK content in lateral buds was higher in bent shoots than in vertical shoots and formed a greater number of flower buds in bending shoots. The acceleration of the flowering rate in bending shoots is accompanied by notable increases in the cytokine level in buds compared with the vertical shoots (Ito et al., 1999) . According to our results and previous studies, shoot bending promotes flower bud formation in 'Fuji' apple trees by increasing CK and ABA levels during the flower induction process, and both hormones play an active role in flower induction and flower bud formation (Han et al., 2007; Susawaengsup et al., 2011) (Figure 3) . However, our results indicated that the GA level in buds was significantly lower in the shoot-bending treatment than in the control during flower induction ( Figure 3c ) and that GA may play a negative role in flower bud formation. A similar result can be seen in olive (Ulger et al., 2004) , apple (Wilkie et al., 2008) and 'Satsuma' mandarin (Koshita and Takahara, 2004; Koshita et al., 1999) . Studies showed that IAA played an important role in the regulation of bud growth and flower induction (Balzan et al., 2014) . Our results showed that the IAA content in buds was significantly higher in the shoot-bending treatment than in the control in the ES and MS of flower induction, but that both shoot-bending and control treatments had a relatively lower level in the LS of bud growth (Figure 3a) . Moreover, studies showed that the stimulated bud growth in bent shoots was related to the increased sink capacity of the bud relative to the adjacent shoot tissues and the relatively higher IAA level (Han et al., 2007) . In addition, during the vegetative to inflorescence bud stages, IAA increased by 581% in the shoot tips, the most significant change during flowering .
Identification of known and novel miRNAs, as well as their expression profiles
In this study, six sRNA libraries of 'Fuji' apple buds under shootbending and control treatments during the flower induction process (ES, MS and LS) were constructed using high-throughput sequencing. In total, 195 known miRNAs that belonged to 41 miRNA families were identified (Figure 4 and Data S1). The majority were conserved in plants such as A. thaliana (Meyers et al., 2008) and apple (Xia et al., 2012b) . Some known miRNAs family had more than one member, such as mdm-miR156 (27 members), 171 (14 members) and 172 (15 members), with the mdm-miR156 family having the most members (Figure 4) . Similar results can be seen in Xing et al. (2014) . In addition, the expression levels of these identified known miRNAs in the six libraries between shoot-bending and control treatments were divided into eight different categories based on their read content's frequencies, with almost no differences among the libraries ( Figure 5 ). This result implied that these differentially expressed miRNAs were involved in the regulation of bud growth and flower induction in response to environmental signals, which was similar to the results of other studies (Ding et al., 2013; Zhu et al., 2011) . In our study, some known miRNAs, including mdm-miR535b, 160b, 156, 172, 398a and 393c, in buds had significantly different expression levels over times in both shoot-bending and control treatments during the flower induction process (Figure 6a-c) , suggesting that bud growth regulation and flower induction in 'Fuji' apple trees involved in these known miRNAs (Table 1) . Additionally, these differentially expressed miRNAs, including mdm-miR156, 159, 160, 393, 164 and 172 , may be involved in biological functions that regulate plant development and growth, hormone synthesis and metabolism, phase transition, flower induction and reproductive growth (Huang et al., 2012; Liu et al., 2010; Wollmann et al., 2010; Xing et al., 2014) . Meanwhile, our results indicated that some miRNAs, such as mdm-miR394b, 396a/b, 398c and 162b, had decreased expression levels in the shoot-bending compared with the control treatment (Figures 6g and 7c) , while others, such as mdmmiR5225a, 399c and 160a, had increased expression levels in the shoot-bending treatment (Figures 6i and 7e) . These miRNAs, which are differentially expressed between shoot-bending and control treatments, may also be involved in hormone regulation, flower induction and stress responses (Ding et al., 2013; Liu et al., 2010) (Table 1 ). In addition,~137 putative unique novel miRNAs were identified in each library (Data S2), which were divided into six categories based on their expression patterns (Figure 8) . The difference expression patterns among these putative novel miRNAs suggested that they may play different roles in regulating plant growth and development, which involve various biological processes (Cuperus et al., 2011) . And 38, including novel m1736-3p, m0829-3p and m0697-3p, and 34, including novel m1424-5p, m0546-5p and m0559-3p, differentially expressed novel miRNAs had decreasing and increasing expression levels, respectively, over time (Figure S3a and S3b) , suggesting that these novel miRNAs may take part in regulating apple bud growth and flower induction during the physiological differentiation phase. However, 24 differentially expressed novel miRNAs, such as novel-m1913-5p, m1900-5p and m1336-3p, had increased expression levels and 23, such as novel-m1401-5p, m0893-5p, m0088-3p and m0490-3p, had decreased expression levels in response to the shoot-bending treatment ( Figure S3c and S3d), suggesting that these novel miRNAs may be involved in the regulation of 'Fuji' bud growth and flower induction in response to shoot bending.
Targets of known and novel miRNAs
The GO analysis revealed that the targets of known and novel miRNAs were mainly associated with growth, hormone-mediated signalling pathway, meristem structural organization, phase transition and flower development in plants (Tables 1 and 2 ). Among them, SPLs as mdm-miR156 targets and AP2 as a mdmmiR172 target played important roles in the regulation of the vegetative to reproductive growth transition and the transition to flowering, respectively (Wu et al., 2009; Yu et al., 2012) . Several targets of mdm-miR160 and miR393, such as ARF16, ARF17, TIR1, AFB2 and AFB3, are associated with the AUX-mediated signalling pathway and the response to AUX stimulus, which is mainly involved in bud growth, flower induction and regulation, and flower development (Kim and Ahn, 2014; Liu et al., 2010) (Table 2) . NAC1, as a mdm-miR164 target (Table 1) , may be involved in the regulation of multiple biological processes, such as organ development, meristem structural organization and hormone signalling responses (Guo et al., 2005; Liang et al., 2014) . The targets of mdm-miR159, MYB65 and MYB101 (Table 1) , are involved in regulating flower induction and floral development through the GA pathway (Mutasa-Gottgens and Hedden, 2009) and also take part in bud growth and phase transition in response to ABA-signalling pathways (Ortiz-Morea et al., 2013) . In addition, the target TCP4 is involved in plant growth, flowering-time regulation and flower induction (Schommer et al., 2012) , as well as playing an important role in controlling cell proliferation in plants (Schommer et al., 2014) . GRFs, as important TFs in plants (targets of mdm-miR396) (Table 1) , are involved in multiple aspects of cell division and proliferation (Casadevall et al., 2013) and flower development (Baucher et al., 2013; Liang et al., 2014) . Our results also showed that the targets of novel miRNAs included TFs and regulatory proteins in plants (Tables 2 and S5 ). Among them, NCED1 is a target of novel-m1285-3p that is involved in ABA synthesis and CRF4 (target of novel-m1791-5p), IPT3 (target of novel-m1018-3p) and ARR3 (target of novelm0851-5p) are associated with the CK signalling and synthesis processes ( Table 2 ), suggesting that these novel miRNAs are associated with the plant hormones that play important roles in bud growth and the flower induction process (Spanudakis and Jackson, 2014) . In addition, the targets of novel-m1317-3p and m1727-5p, the WRKY35 and WARK48 genes, respectively, are involved in stress responses in plants ( Table 2 ), suggesting that shoot bending uses miRNAs in its regulation of flower induction and formation, and in response to environmental stresses (Zhu et al., 2011) . miRNAs associated with IAA and their targets regulate bud growth and flower bud induction in response to shoot bending Our results showed that the IAA content in buds increased in response to shoot-bending compared with the control in the ES and MS of bud growth (Figure 3) and that GRF7 and GRF8 (targets of mdm-miR396b) (Figure 2) , as growth-regulatory factors, were expressed at higher levels in the shoot-bending treatment at the same time (Figure 11) . However, the changes in mdm-miR396 levels had opposite results in shoot-bending and control treatments (Figure 11 ), suggesting that IAA and GRFs (GRF7 and GRF8) had positive roles in bud growth regulation and flower induction during the early stages, while mdm-miR396 had a negative regulatory role. In addition, they also took part in the cell division and proliferation associated with bud growth. A similar result can be seen in Casadevall et al. (2013) . Indeed, studies showed that the IAA level in the shoot apical meristem was essential for floral induction and differentiation (Hou and Huang, 2005) and that GRFs play important roles in flower development (Liang et al., 2014) . However, our results showed that mdm-miR160a expression associated with the AUX-mediated signalling pathway was increased in response to the shoot-bending treatment (Figure 11) , but the expression level of the mdm-miR160 target ARF16 was decreased in response to the shoot-bending treatment. Additionally, it was decreased in both the shoot-bending and control treatments from the ES to LS (Figure 11 ), suggesting that the novel miRNA and its targets were involved in regulating 'Fuji' bud growth and flower induction in response to shoot bending. In addition, it has been reported that ARFs are involved in regulating bud growth (Nagpal et al., 2005) and also influence the ABA sensitivity of plants in response to environmental stress (Nonogaki, 2008) . Meanwhile, mdmmiR393a, which is involved in the AUX response and signalling, had an increased expression level in shoot-bending compared with the control treatments, but its two targets, TIR1 and AFB3, had a decreased expression level in the shoot-bending treatment (Figure 11 ), suggesting that the IAA signalling involved in bud growth and flower induction is regulated by miRNAs. In addition, studies showed that miR393 and its targets, TIR1 and AFB2, are associated with the regulation of flower development in plants in response to stress (Xia et al., 2012a) , and they play important roles in multiple biological processes by regulating the ABA and IAA signalling pathways involved in biotic and abiotic stress responses (Bian et al., 2012; Navarro et al., 2006) . miRNAs associated with ABA and their targets regulate bud growth and flower bud induction in response to shoot bending
In this study, the ABA level increased in both shoot-bending and control treatments from ES to LS and displayed a higher level in the shoot-bending treatment than in the control (Figure 3) . Additionally, more flower buds formed under the shoot-bending treatment (Figure 2) , suggesting that the increase in the flowering rate in 'Fuji' apple trees in response to shoot bending may involve ABA signalling and responses during bud growth and flower induction. In addition, it was reported that miRNAs play crucial roles in a broad range of developmental processes in plants, such as germination, bud growth and flower induction, in response to the stress associated with ABA and AUX (Martin et al., 2010) . Our results showed that the expression levels of these miRNAs, including mdm-miR164, 159, 319, and their targets, NAC1, MYB65, MYB101 and TCP4, display great differences between the shoot-bending and control treatments during bud growth and flower induction (Table 1 and Figure 12) , suggesting that the flower induction in 'Fuji' apple trees in response to shoot bending may involve these regulatory miRNAs and their associated hormones. Studies have shown that NAC TFs play significant roles in plant development and stress signalling (Jensen and Skriver, 2014) and also play an active role in bud growth and initiating the shoot apical meristem, which causes the axillary meristems to develop into flowers (Raman et al., 2008) . A similar result was seen in our study, in which a higher flowering rate and NAC1 expression level existed in the shoot-bending treatment (Figures 3 and 12 ). In addition, down-regulated AUX signals were caused by up-regulated NAC1 mRNA expression levels regulated by miR164 (Guo et al., 2005) , and the decreased expression levels of targets associated with IAA signalling and response were found in the shoot-bending treatment (Figure 12 ), indicating that this miRNA and target are also involved in regulating flower induction in 'Fuji' apple trees by downregulating IAA signalling and response.
It has been reported that the miR159-and miR319-regulated MYB and TCP TFs pattern involved in flower induction and floral formation is associated with hormones such as ABA and GA (Rubio-Somoza and Weigel, 2013) . Indeed, mdm-miR319a displayed a higher expression level in shoot-bending than in control, but TCP4 (target of mdm-miR319) had an opposite result between shoot-bending and control treatments (Figure 12 ). Additionally, the over-expression of TCP4 resulted in an increase in the miR396 expression level and a corresponding decrease in GRF expression levels (Rodriguez et al., 2010) , which was similar to the results of our study (Figures 11 and 12 ), indicating that mdm-miR319a and its TCP4 target play important roles in the regulation of bud growth, cell proliferation and flower induction, which is associated with miR396 and its targets. In addition, miR159 and its target GAMYB play roles in regulating ABAsignalling pathways during bud outgrowth (Ortiz-Morea et al., 2013) , and higher expression levels of MYB65 and MYB 101 were found in the shoot-bending compared with the control treatment ( Figure 12) . Additionally, the expression of mdm-miR159b produced opposite results in both treatments (Figure 12 ), suggesting that these miRNAs and their targets are involved in regulating bud growth and the flower induction process in 'Fuji' apple trees. It was reported that the deregulation of MYB33 and MYB65 in vegetative tissues inhibits growth by reducing the cell proliferation that is involved in GA signalling (Alonso-Peral et al., 2010) and that miR159 and its targets are also involved in the regulation of plant floral induction in response to GA signalling (MutasaGottgens and Hedden, 2009 ). In addition, the increasing levels of miR159 caused a reduction in LEAFY transcript levels associated with up-regulated GAMYB activity (Achard et al., 2004) , and a similar result can be seen in our study (Figure 12 ). These results involve multiple regulatory processes in response to shoot bending, giving us a better understanding of the role played by miRNAs in the hormone crosstalk involved in bud growth and flower induction in 'Fuji' apple trees.
Shoot bending alters the expression of flowering control genes and miRNAs in buds during flower induction
Previous studies showed that the regulation of the floral transition involved two evolutionarily conserved miRNAs, miR156 and miR172, in both annual and perennial plants (Wang et al., 2011; Yu et al., 2012) . Indeed, our results showed that the expression of miR172b was significantly higher in the shoot-bending treatment than in the control treatment, which had almost no expression (Figure 13 ), but the AP2 target displayed an opposite result in both the shoot-bending and control treatments (Figure 13 ). Additionally, relatively higher expression levels of SPL2 and SPL9 (targets of mdm-miR156z) were found in the shoot-bending treatment (Figure 13) , suggesting that the partners of mdm-miR156 and 172, as well as their targets, are involved in regulating growth and flower induction in response to shoot bending.
It was reported that FD and FT, as interdependent partners and long-distance signals involved in plants flowering (Wahl et al., 2013) , acted at the shoot apex to promote the floral transition and to initiate floral development by up-regulating AP1, a floral meristem identity gene (Abe et al., 2005) . Additionally, the overexpression of MdFT1 in apple caused earlier flowering than in wild-type plants (Kotoda et al., 2010) . Indeed, our results showed the formation of more flower buds and higher expression levels of FT, FD and AP1 genes in the shoot-bending treatment than in the control treatment (Figures 2 and 15) . Studies showed that SOC1 played a key role in integrating multiple flowering signals, such as hormone and age-related signals (Lee and Lee, 2010) . In addition, SOC1 was up-regulated in the age-dependent flowering pathway by SPL9 and miR156 (Porri et al., 2012) , and SOC1 was induced at the shoot apex along with AGL24 to activate LEAFY gene expression and then together they induced AP1 gene expression (Liu et al., 2008) . Our results also showed that the expression levels of SOC1 and AP1, as well as other flowering-related genes (FT, SPL2, and SPL9), were relatively higher in shoot-bending compared with the control treatments (Figures 13 and 14) , suggesting that shoot bending promoted flower induction and flowering in 'Fuji' apple trees by up-regulating these flowering genes, which are involved in multiple pathways.
In conclusion, a comprehensive study on apple (Malus domestica Borkh.) miRNAs related to bud growth, and flower induction and formation in response to shoot bending were performed, and a hypothetical model for the regulation of flower induction by miRNAs associated with phytohormone crosstalk can be seen in Figure 15 .
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